To facilitate image-guided stereotactic body radiotherapy (IG-SBRT) of spinal and paraspinal tumors, the authors have developed an on-line image registration system for automated target localization and patient position verification with high precision. When rotations are present in a patient's daily setup position, a setup error of a few millimeters can be introduced in localization of the isocenter by using surrounding bony structures.
Introduction
When delivering highly conformal doses to a target that has critical organs residing close by or even inside, such as Intensity Modulated Radiotherapy (IMRT) to spinal or paraspinal tumors (1-3), very high precision is required in localizing the target and delivering the doses. The high precision requirement in target localization for spinal and paraspinal IMRT arises from the following two facts: First, the distance between the spinal cord and the spinal vertebrae is only about 6 mm on an average person, and this distance can be greatly reduced by tumor invasion. Second, the spinal cord runs parallel with the vertebrae for Technology in Cancer Research & Treatment, Volume 6, Number 3, June 2007 its whole length. These two facts make it infeasible to add a margin to the lesion facing the spinal cord. As for the target localization, more needs to be done apart from localizing the isocenter accurately and positioning it precisely where it was planned to be. The orientation of the whole target needs to be detected and corrected exactly as planned, because rotations of the target, even in the amount of only a few degrees, will cause dramatic change of dose distribution in both the target and the organ to be protected. Therefore, detection and correction of the shifts of target's isocenter as well as detection and correction of the rotations of the whole target are needed to achieve true precision required in IG-SBRT of spinal or paraspinal tumors.
Over the years, different automatic on-line or off-line image registration programs for image-guided radiotherapy have been reported, such as for prostate (4,5), but 3D images registration was not used to detect rotations in the patients' daily setup. This may be because rotations of a few degrees are not very critical when treating tumors in lung or prostate. In these cases margins are added and there are no critical organs residing so closely to the lesion as the spinal cord to the spine. In this paper, the authors will present the method and the results of a computer program developed at M. D. Anderson Cancer Center for automatic target localization and verification of on-line IG-SBRT of the spine. This program uses image intensity-based algorithms for registering the patient's daily CT and planning CT images with six-degree freedom of motion detection.
Methods and Materials
Following is a short description of the IG-SBRT of the spine for which the program was developed. Before each treatment a CT scan was performed on the patient, then the pretreatment daily CT was registered with the planning CT to find out any translational and rotational shifts in the patient's daily setup. Corrections to all the shifts were applied to the daily CT images before generating a pair of daily DRRs to compare with the planning DRRs. The orthogonal DRRs generated from the daily CT images were rotation-corrected so that when they were used to compare with the DRRs generated from the planning CT images, the 3D positions of all the features to be used to identify the patient's setup position were accurately represented in the 2D images. After the corrections were made in the patient's daily setup position by adjusting the treatment couch, portal images were taken using the treatment unit. The portal images were registered with the planning DRR for verification before treatment was delivered.
The program was written using MatLab version 6.5 (The MathWorks, Inc., Natick, MA), and it was run on a personal computer (Dell Computer Corporation, Austin, TX ). The computer had a 3.40 GHz Pentium 4 CPU, 1.0 GB RAM, and a 145 GB hard disk. An EXaCT targeting system (Varian Medical Systems, Palo Alto, CA) was used for CT image acquisition and treatment delivery. This system integrated a high-speed CT scanner on rails (GE Medical Systems, Milwaukee, WI) and a Varian Clinac 21EX linear accelerator (LINAC) unit. A Varian treatment couch was used in the beginning until a Hexapod treatment table (Elekta, Norcross, GA) capable of six-degree freedom of motion was released for clinical use in February 2005. For image registration, about 100 CT slices were taken for planning and daily verification. The CT slices had a thickness of 2.0 mm and a physical diameter of 50 cm. The image on each CT slice had 512×512 pixels, resulting a spatial resolution of 0.977×0.977 mm 2 . In our clinical cases, slice thickness of 1.0 mm was used for C-spine treatment. However, for simplicity and ease of comparison, we only present data of 2.0 mm slice thickness in this paper. Comparison of the speed of target localization and DRR comparison was based on the actual times spent using this software and the time spent using Pinnacle3 (Philips, Milpitas, CA) and Xknife RT2 (Integra Radionics, Burlington, MA). Figure 1 is a flow chart that shows our IG-SBRT procedure. It consists of three major modules: (1) image registration, including registration of the patient anatomy and the registration of the stereotactic localization frame, the purpose of which is to be explained later in the paper, (2) DRR registrations, and (3) portal image and DRR registration. Following is a detailed description of the three modules.
Image Registration
Maximization of mutual information (MMI) was used as the criterion in our image registration algorithm. Mutual information (MI) was first applied in medical image registration in 1995 (6,7). MI is a measure of statistical dependence between the image intensities of corresponding voxels of two sets of images, either of the same modality or of different modalities. When the two sets of images are geometrically aligned, the mutual information is assumed to be maximal. Therefore, MMI is a good indicator of the alignment of two sets of images. It has proved to be both powerful and robust as a criterion for image registration (8).
The first step in our image registration is to register the localization frame. In our IG-SBRT technique, the stereotactic localization frame serves as the reference for the patient anatomy. If the frame is shifted in the daily scan compared with the planning scan, the anatomy needs to be shifted accordingly to compensate for the frame shift. The ideal position of the frame should be space-invariant for planning and for each fraction of treatment. The need of the stereotactic localization frame arises from the fact that the position of the treatment tables cannot be reproduced with the accuracy required for stereotactic body radiotherapy. Registration of the frame will correct any daily shifts of the treatment table. After the frame is registered, registration of CT images of anatomy is performed.
The function of the stereotactic localization frame was explained by Shiu, et al (3) . It provides a robust and direct spatial link between patient anatomy and the localization frame. Since the center of the localization frame is known and can be easily localized, any point with known coordinates in the localization frame can also be easily localized. When the CT-based treatment plan is completed, the coordinates of the isocenter in the localization frame are determined. Then before each treatment, a daily CT is taken. 3D image registration of both the frame and the patient anatomy will determine the shifts and rotations of the frame and the patient anatomy with respect to their position in the planning CT. The difference between the shifts of the patient's anatomy and the shifts of the frame is the net shift of the patient's anatomy relative to the frame. It is this net shift relative to the localization frame that determines the daily position of the patient's isocenter.
In IG-SBRT the goal of image registration is to register the target. To minimize the influence of the anatomy that is outside the target and its vicinity, planning and daily CT images are cropped. The reduced image size not only speeds up the registration process, at the same time it also increases the image registration accuracy. The image size for the daily verification CT slab with a 2 mm slice thickness is 101×101×33 pixels. This CT slab covers more than two whole vertebral bodies and their spinous processes in a person of regular size. The planning CT slab has a larger image size of 171×171×53 pixels. The search space is the difference between the two image sets, which is 70×70×20 pixels. When the two CT slabs are co-centered, the search space in either direction is half the difference between the two CT slabs. In this case, the search space can be denoted as ±35 × ±35 × ±10 pixels or ±34.3 × ±34.3 × ±20 mm 3 when converted to physical dimensions with the voxel size used in this paper. This space is more than enough to cover the maximum shift of patients we have ever encountered. Even when the daily shifts exceeded the limit of the search space the program was still able to perform image registration. The advantage of fitting a smaller image to a larger image for registration is to guarantee that the data sets used are always the same in calculating the MI. This will eliminate the change in MI when different data sets are used, therefore assuring a more accurate registration.
After image registration is finished, the transformed daily CT images are displayed with the planning CT images in the same frame on the interface in the format of split screen, which has the top (or left) part of the planning CT image and the bottom (or right) part of the daily verification CT image joined together to form one full frame for display. In this format, any misalignment of the two images can be readily detected along the line that joins the two. The user can move the joining line up and down, or left and right, to see the registration results in different areas of the same slice. In addition, digital subtraction of the two DRR images can be displayed in the same frame. If the alignment is good, the intensity difference is uniform. When the alignment is poor, brightness or dark shadows will appear. The overall registration accuracy can be seen at one glance. Should it be necessary, any of the shifts can be manually adjusted. The image with the new transformation is displayed immediately after the new shift is entered.
DRR Generation and Comparison
DRRs are generated using a ray-tracing method (9). The ray that passes through the patient's 3D CT volume is divided into many small segments. The CT number of each segment is taken as the value at the center of this segment, which is then converted to the total linear attenuation coefficient through a conversion curve. Linear interpolation of all the neighboring voxels is used to find the CT number at the center of each segment of the ray. The treatment isocenter is set to be 100 cm from the x-ray source just as in actual treatment, and the image plane for DRR is set at 140 cm from the source. The image size of the DRR is 381×381 pixels corresponding to a physical area of 12.0×12.0 cm 2 at a distance of 100 cm from the source. The spatial resolution of the DRR is therefore 0.315×0.315 mm 2 . No image smoothing is performed so that the DRR at display shows its true spatial resolution. DRR at this size is smooth enough even magnified to a physical size of 20×20 cm 2 on a computer screen.
Measures are taken to enhance the image quality of the DRR, which include cropping the 3D CT volume to include only the CT volume of interest to generate the DRR. With all the soft tissue, internal organs, and bones such as the ribs and the clavicles removed, the final DRR has a much cleaner background. The result is a sharper image with good contrast. This is especially helpful when the target is in one of the low cervical or high thoracic vertebrae. In the lateral view DRR, the clavicles often make it difficult to see any detail of the vertebrae. By excluding the clavicles, the image of the vertebrae becomes very clear.
Conversion of CT numbers to the total linear attenuation coefficients is done according to the CT numbers of some typical tissues from the CT scanner we used and the published attenuation coefficient values (10). X-ray of 30 keV is selected because it gives good contrast of DRR. Linear interpolation is used to convert CT numbers to linear attenuation coefficient for any given CT number. The conversion curve is deliberately flattened for CT numbers above 2100 to avoid the extreme brightness in DRRs from metal hardware instrumentation placed in patients during surgeries to remove tumors from the spine.
When image registration is completed and the daily CT image set is transformed, DRRs from both the planning and the daily CT image sets are generated for comparison of target alignment. The user may either use the default CT image volume or choose a different one for DRR generation. Once generated, centimeter and quarter centimeter markers are added to the DRR images for easy comparison. The contrast and brightness of the DRRs can be manipulated individually. Manual adjustments can also be made in any of the translational or rotational shifts. If changes are made, daily DRRs can be regenerated to reflect the new shifts. For final comparison, the two sets of DRRs can be displayed in a separate screen in the split screen format and intensity difference.
Coordinates of the daily isocenter are converted to the stereotactic body frame system coordinates and are displayed on this screen. These numbers are needed to mark the new isocenter position on the positioning frame, or to input to the Hexapod system, to align the patient on the LINAC side for portal image verification.
Portal Image Verification
When the patient is aligned using the new isocenter position on the positioning frame, orthogonal portal images are taken immediately for final verification of the target against the planning DRRs before treatment is delivered. Verification is conventionally done through side-by-side comparison of the portal images with the corresponding DRRs. To facilitate this process and to increase the accuracy, we developed a user interface for portal image registration and included it in our program.
The portal images and corresponding DRRs were first registered according to the centimeter marks on them. Then each portal/ DRR pair is displayed in the same frame in the format of split screen. To display a portal image and its corresponding DRR in one frame for alignment verification, they must have the same physical size and the same number of pixels. To achieve this, the portal image is cropped to a physical size of 12×12 cm 2 , and then resampled to an image size of 381×381 pixels to match that of the DRR. The centimeter marks on the portal image are used for centering it. It is possible that the physical size and the center of the portal image that are found by the program slightly differ from those of the DRR. Therefore, fine adjustments capability with manual operation is provided to make the match perfect. Due to the poor contrast of the megavoltage portal image, enhancement functionality is added to improve the image contrast. Finally, the pair of centered, dimensionmatched portal image and DRR is displayed in one frame in a split screen format. Sliders are provided to view the alignment in different sections. Should any fine shift adjustment be needed, additional shifts can be entered manually, and the portal image will shift accordingly. This process can be repeated if necessary until the best alignment is made with the plan DRRs.
Results

Image Registration
Using a head and neck phantom, the authors achieved registration accuracy of 0.1 mm, which is demonstrated in the images in Figure: 2. These images also demonstrate how sensitive the spilt screen display format is to small amount of shifts. After two sets of CT images of the phantom were registered using the software, the two images are displayed using the split screen. Then manual shifts were deliberately introduced in the lateral direction. A small section of the vertical wall of the phantom was cropped out of a larger image, as shown in Figure 2 (a), and was magnified to demonstrate the registration accuracy in the lateral direction. When the two sets of images were registered, the vertical wall of the phantom was well aligned as one, as can be seen in Figure  2(b) . With the presence of a misalignment, shift of the vertical wall where the two images are joined together can be seen. For demonstration purposes, lateral shifts in the amounts of 0.1, 0.3 and 0.5 mm were introduced in Figure 2 (c), (d), and (e), respectively. Misalignments of the phantom wall can be seen along the lines joining the two images. The misalignments can be found in the vertical wall at the centers of the circles added on the images and are pointed by the arrows. Figure  2 (c) shows that a shift as small as 0.1 mm would produce a misalignment detectable by the naked eye. The misalignment becomes more evident as the shift is increased to 0.3 and 0.5 mm. The perfect-appearing alignment of the vertical phantom wall in Figure 2 (b) demonstrates that our image registration algorithm's registration accuracy is capable of 0.1 mm.
The time taken for the registration process to finish is anywhere between 63 and 120 seconds depending on the amount of shifts, especially on the amount of rotations in the patients' daily setup. In most cases, this registration process is completed in about 90 seconds. When applied to real clinical cases, the success rate of registration in the first trial is 99.4% with only 2 failures out of 350 applications. Registration of the two cases that were failed in the first trials were successful by changing one or two parameters of the program, such as using a different filter of the CT numbers, and including more slices in the daily CT image set for registration.
DRR Generation and Comparison
Our DRR generation algorithm yields good quality DRRs at high spatial resolution. When generating a DRR image at 381×381 pixels for an area of 12 × 12 cm 2 at a distance of 100 cm from the x-ray source, its spatial resolution is 0.31×0.31 mm2. As expected, the background of the DRR is made very clean by cropping the 3D CT volume to include only the region of interest in the CT slab. Color-coded cross hairlines with centimeter and quarter-centimeter marks added to the DRRs not only give the users a sense of scale, but also assist in locating the isocenter and other features on the DRRs more easily in side-by-side comparison. Figure 3 shows the DRR images generated from the planning CT and daily CT images of the same patient.
To better assist the user in assessing the alignment of the DRR images, the two pairs of DRR images are displayed in a different interface in the format of split screen. As demonstrated earlier, misalignment of two images in the amount of a fraction of a millimeter can be readily detected when displayed this way. The two pairs of orthogonal DRR images can be joined both horizontally and vertically so that alignment in any direction can be examined. Figure 4 shows 
Portal image verification
When portal images are loaded, the program first crops the portal images to the predetermined size of 12 × 12 cm 2 and then finds the center of the isocenter using the centimeter dots of the reticules. Manual adjustment can be done when needed to fine tune the isocenter and scale the portal images to perfectly match the portal images to the DRRs. This operation can be completed in seconds. Enhancement functionality helps improve the contrast of the portal images. Figure 5(a) shows a daily portal image displayed in a split screen with its corresponding planning DRR. If judging in side-by-side comparison, the patient's daily position may look perfect. When they are displayed in our split screen, a misalignment in the lateral direction can be found, as indicated by the arrow inside the oval circle. Figure 5(b) is the same portal image and DRR pair after the portal image made a 0.2 mm lateral shift, which shows a perfect alignment. Although the 0.2 mm shift may not be necessary in our daily IG-SBRT, this example shows the accuracy our split screen is capable of in portal image verification.
To demonstrate how accurate the patients' isocenters were setup using the data of our image registration program and the procedure described, Table I gives a list of position adjustments that were done on 7 patients who were treated sequentially with 5 fractions each. These position adjustments were performed after portal images were registered with the patients' plan DRRs. The results show that only 3 out of a total of 35 fractions had couch shifts more than 1 mm in any direction. This means that using the result of our image registration program patient positioning accuracy of less than 1 mm in any given direction was achieved in over 90% of all the listed treatments.
Discussion
Using a head and neck phantom, the registration result showed that the accuracy of our image registration is within 0.1 mm. DRR comparison and portal image verification is capable of similar accuracy. To achieve similar accuracy in human patients, however, rotations in patients' setup must be completely corrected, because rotations can greatly impact the human judgment of the target's isocenter. It was the experience of the authors that even though special attention was given in the initial setup using skin marks and fixation was used on all the patients, still rotations or twist were often found in the setup of many of the patients, especially in bigger patients who have more fat tissue. In general, the lower part of the spine had the least rotation in any direction. The biggest rotations happened in the cervical and upper thoracic sections of the spine. Among all the rotations we have found in our patients' setups, roll is the most frequently found rotation and has the biggest magnitude, up to 6 degrees in cervical spines and up to 3 degrees in thoracic spines. Pitch comes second, with up to 3 degrees in cervical spines. Yaw comes last with no more than 2 degrees in any section of the spine. Rotations in patients' setup not only affect dose distributions to the target as well as to the critical organ(s) residing close by. More importantly, rotations will easily cause misjudgment of the isocenter when verifying the patient position using only portal images. Errors of a couple of millimeters can be easily introduced. This is going to be demonstrated by the following example. Figure 6 is an axial slice of the CT image of the patient that we are going to use in the example. The isocenter was set in the middle of the vertebral body. The distance from the isocenter to the bottom of the spinous process measures 55 mm. The patient's daily setup had a counterclockwise rotation in the axial plan (roll) of 2.0 degrees as detected by our image registration program. Table 2 shows the shifts needed to move the patient's daily isocenter to the same position as set in the treatment plan with and without the correction of the 2 degrees of rotation. The data in Table 2 shows that when the rotation is corrected, the lateral position of the daily isocenter is -0.3 mm off compared with that when the rotation is not corrected. The position with the rotation correction is assumed to be more accurate for reasons that need no explanation. Normally in the treatment planning, the isocenter is set at a point somewhere in the middle of the lesion. More than often the point of isocenter itself cannot be identified in the verification portal images or in the DRRs. Therefore other features of the anatomy that can easily be identified in the portal images, such as bony features, are used to assess the patient's setup position. Spinous and articular processes, which are labeled A, B, C, and D in Figure 7 , are among the features most easily identified in portal images. If the spinous process labeled D is to be used, Figure 8 Figure 8 (a) the rotation is fully corrected and the spinous processes in the two DRRs is aligned very well. In Figure 8 (b) where the rotation is not corrected, the process in the daily DRR is shifted to the left of the patient (to the right of the reader). Figure 8 (c) shows (b) after it was shifted 2.0 mm to the right of the patient to make a good alignment of the process in the two DRRs, making the daily isocenter position -3.4 mm off in the lateral direction. Considering the correct lateral shift should be -1.1 mm as listed in Table 2 , the difference from the correct daily isocenter position has become -2.3 mm. Even though the image registration program resulted only -0.3 mm difference from the best daily isocenter position when the 2 degrees of rotation is not corrected, this difference is increased by another 2.0 mm when the spinous process in the portal image is used for assessment. Due to the extra high dose gradient in spinal IMRT treatment plans, the extra 2 mm misalignment of the isocenter will have more impact to the dose distribution than the 2 degree rotation itself if uncorrected.
Using DRR images, Figure 9 (a), (b) and (c) demonstrate what the articular processes labeled A, B, and C in Figure 7 would look like in the AP view portal image when the rotation is not corrected. Since these articular processes have different distances from the isocenter, they need different amounts of lateral shift to align with themselves in the planning DRR. Therefore, how much the isocenter is off depends on which feature is used for alignment. Figure 9(d) , (e) and (f) show that after the rotation is fully corrected, all the processes in the daily DRR are aligned well with themselves in the planning DRR, it does not matter which feature is used for alignment.
The above example has demonstrated the impact of patient rotation to the accuracy in isocenter alignment, and therefore the importance and the need to detect and correct any possible rotation in the patient's daily setup. 3D image registration used in our program is a convenient, efficient and accurate way of detecting rotations and shifts in a patient's daily setup using CT images. Complete correction of roll, yaw and pitch requires a treatment table that is capable of six-degree freedom of motion correction, three translations and three rotations. The Hexapod from Elekta provides full potentials for this task. After all the shifts and rotations are corrected in patients' daily setup, the 3D volume dose can be more accurately delivered and the critical organs can be better protected.
The human body, even the more rigid bony structure such as the spinal vertebra column, is not as rigid as a phantom. Deformation may occur due to twists or bends in the patient's body position even though great precaution was exercised and fixation was used. Deformation will decrease the accuracy of registration, and therefore will decrease the accuracy of isocenter localization. To help resolve this issue, the authors used a volume that is big enough to include the whole lesion and the bony structure surrounding the lesion, but small enough to exclude other bony structures that are easy to deform, such as ribs, and vertebrae that are far from the lesion. In doing so, the accuracy of registration of the volume of interest is improved.
Comparison of corresponding DRRs generated from the planning and daily CT images is important in finding how good the overall alignment of the treatment target on the patient is. It is also the final verification of the registration result. Apart from displaying the DRRs side-by-side for comparison, our software also provides the ability to view the corresponding DRRs in one frame in the split screen format. This viewing format is more sensitive to misalignments of the DRR pair. A misalignment of 0.1 mm can be readily detected. The intensity difference of two DRRs shows overall registration of the whole target. Another advantage of displaying two corresponding DRRs in one frame is that relative position change of the bony structure can be clearly seen when the two DRRs are displayed alternatively like in a slide show. This gives the user a very clear picture of the patient's daily position compared with his/her planning position.
Portal image verification is necessary before delivering the treatment to catch any errors or inaccuracies that might occur in shifting the treatment couch, and also unintentional motion made occasionally by the patient after daily CT is taken. In doing so it is more convenient and accurate to By integrating all the functionalities needed for IG-SBRT into one package and fully automating the operation, the time needed for aligning the patient for daily treatment is greatly reduced. Before this system was developed, it often took 30 to 45 minutes to finish the isocenter localization and DRR comparison. Now the same process takes only about 3 minutes to complete. The shortened alignment process increases alignment accuracy by reducing the possibility of patient motion. The fully automated process also eliminates possible human errors in data transfer from one system to another
Conclusions
An automatic target localization and verification system for high precision on-line image-guided spinal or paraspinal radiotherapy was developed and validated. Image registration based on mutual information derived from 3D volume CT images was used to localize the target. The accuracy was demonstrated to be within 0.1 mm. Full six-degree freedom of patient position correction was carried out in our image registration for a more accurate registration of the entire tumor volume. DRR images generated from both planning CT and daily CT images were used to confirm image registration accuracy. Orthogonal portal images were used to verify the final patient treatment position. One of the advantages of this system is accuracy combined with speed, which is suitable for on-line applications. Target localization and confirmation by DRRs can be completed within 3 minutes. Portal image verification can be completed in seconds. A distinctive feature is that the portal images are displayed with their corresponding DRRs in the same frame to enhance verification. Sub-millimeter misalignment can be readily detected. Application of the system to hundreds of our IG-SBRT treatments demonstrated that it was fast, accurate, consistent, and reliable. Although it was developed to facilitate our IG-SBRT for spinal and paraspinal tumors, the authors believe it is a generally useful and convenient tool for any image-guided radiotherapy where high accuracy and speed are required.
